A Plackett-Burman design was used for screening 12 variables that could affect the mass spectrometry signals of phosphatidylcholines (PtdCho) and proposing optimal fragmentation conditions to study the fragmentation mechanisms of PtdCho standards. Under optimal conditions, three well-established methods for extracting phospholipids from biological samples, specifically liquid-liquid extraction (LLE), normal phase liquid chromatography (NPLC) and high performance thin layer chromatography (HPTLC), were compared in terms of the number of regiospecifically characterized PtdCho by means of liquid chromatography three-stage mass spectrometry (LCMS 3 ). The same number of PtdCho species (35) were characterized by LCMS 3 in the LLE and NPLC fractions, whereas only 15 in the HPTLC fraction.
Introduction
The regiospecific characterization of phospholipids by means of liquid chromatography mass spectrometry techniques has become an important research topic due to the increased application of phospholipids in industry, medicine and biotechnology (Shvets et al., 2013) . There are numerous articles concerned with the characterization of phospholipids in different kind of samples where the first step of the analysis is usually the extraction or separation of the phospholipids from the Fatty acid composition of phospholipids cannot be determined directly by TLC or HPTLC, thus these techniques are frequently used prior to the characterization in combination with other techniques for phospholipid structural elucidation. In such cases, the spot of interest is scratched very carefully from the sheet (or plate), and after removing the stationary phase, it is submitted to further analysis (e.g. gas chromatography, LC, LCMS, etc). The main drawback associated with this procedure is that phospholipids may oxidize and hydrolyze during the exposure to the atmosphere (Peterson and Cummings, 2006) . High performance liquid chromatography (HPLC) has been used intensively for the separation of phospholipids (Arduini et al., 1996; Cantafora et al., 1990; Cantafora and Masella, 1992; Abidi and Mounts, 1992) . It has obvious advantages when compared to TLC and HPTLC, such as high resolution, sensitivity and injection of large sample volumes. In addition, HPLC decreases the possible oxidization of phospholipids due to its inherent closed system.
Normal phase liquid chromatography (NPLC) is commonly used for phospholipid subclass separation based on their head group polarity. Eluates can be collected and sent to further analysis.
Reversed phase liquid chromatography (RPLC) is more suitable for the separation of phospholipid molecular classes (Schiller and Arnold, 2002) . However, RPLC cannot separate isobaric phospholipid species (e.g. the phosphatidylcholines 14:0/20:5 PtdCho and 16:1/18:4 PtdCho).
Mass spectrometry (MS) has proved to be a powerful tool for the characterization of phospholipids due to its sensitivity, specificity and simplicity. Fast atom bombardment mass spectrometry (FAB-MS) was the first ever used MS platform for intact phospholipid characterization (Fenwick et al., 1983) . Although FAB-MS has been used until recently for intact phospholipid analysis, its main disadvantage is the extensive fragmentation and decomposition of the lipid fragments which causes serious difficulties in the characterization process (Wang et al., 2004) . Soft ionization methods were introduced to solve these shortcomings. It has been reported that electrospray ionization mass spectrometry (ESI-MS) is 2-3 orders of magnitude more sensitive than FAB-MS, it gives better reproducibility and lower detection limits for phospholipid analysis (Han and Gross, 1994; Milne et al., 2006) . In addition to ESI, other commonly used ion sources for the characterization of phospholipids are matrix-assisted laser desorption/ionization (MALDI), atmospheric pressure chemical ionization (APCI) and atmospheric pressure photoionization (APPI).
Magnetic sector analyzers have been also used for analysis of phospholipids. In this kind of instrument, the ions are selected by their mass and categorized by differences in a magnetic field. Magnetic sector analyzers for phospholipid analysis include time of flight (TOF) (Schiller et al., 2004) , ion trap , quadrupole (Han and Gross, 1994; Hsu and Turk, 2003) , Fourier transform-ion ciclotron resonance (FT-ICR) (Yu et al., 2006) , and hybrid instruments, for instance quadrupole-time of flight (QqTOF) (Ekroos et al., 2003) , quadrupole ion trap (Garrett et al., 2011) and quadrupole ion trap-time of flight (QIT-TOF) (Hayasaka et al., 2008) .
ESI coupled with triple quadrupole has been the dominant analyzer for fragmentation and characterization studies of phospholipids due to its high efficiency, low cost and ease of operation (Hsu and Turk, 2009 ). In addition, triple quadrupole allows identifying the head groups of the phospholipids by means of its precursor ion scan mode and neutral loss scan mode. Although, these kind of instruments can identify specific phospholipid head groups, they cannot discriminate between phospholipids subclasses carrying the same head group. For example, phospholipids with a phosphatidylcholine (PtdCho) head group in krill oil were investigated by scanning the precursor head group at 184 m/z (Winther et al., 2011) . However, lysoPtdCho and sphingomyelin can also be detected at 184 m/z which in turn increase the complexity of the discrimination process. The comprehensive understanding of the fragmentation patterns is crucial to elucidate the structure of phospholipids, including the stereospecific positions (sn-1/sn-2) of the fatty acids (Beermann et al., 2005) . LCMS has been implemented intensively for the study of phospholipids. Some reviews, have demonstrated the advantages of LCMS over MS (aka shotgun lipidomics) (Brouwers, 2011) . The benefits include the reduction of ion suppression effects, the assignment of acyl chains to their specific sn-1/sn-2 positions and discrimination of isobaric phospholipid species (Brouwers, 2011; DeLong et al., 2001 ).
Regiospecific characterization of phospholipids is a complex process that demands the extraction of the sample prior to liquid chromatography multiple-stage mass spectrometry (LCMS n ). For example, krill oil usually contains different lipid classes, including phospholipids, triacylglycerols, free fatty acids and cholesterol (Araujo et al., 2014) to the extent that an effective extraction protocol is required prior to the analysis of phospholipids by LCMS n to prevent interference from other lipid classes, ensure data quality and improve the accuracy of the identification and quantification steps.
The present research aims at screening the mass spectrometry variables that could have an influence on the fragmentation of PtdCho structures in order to propose optimal instrumental conditions for studying the fragmentation mechanisms of PtdCho standards and for comparing the performance of LLE, NPLC and HPTLC in extracting phospholipids from krill oil in terms of the number of regiospecifically characterized PtdCho by means of LCMS 3 .
It is unquestionable that fish oil products dominate the internationally omega-3 (n-3) fatty acids market. However, there are serious concerns regarding their future availability. Krill oil has emerged as a superior source of n-3 fatty acids. Its high content of phospholipid-bound n-3 fatty acids and the increasing body of evidence supporting its health benefits has boosted its popularity in recent years. To the best of our knowledge, there are no published studies on the evaluation of different phospholipid extraction techniques for krill oil. In addition, few studies have addressed the structural characterization of phospholipids in krill oil.
Material and Methods

Reagents and Samples
Methanol (HPLC grade, ≥ 99.9%), acetonitrile (LC and GC grade, ≥ 99.8%), ammonium acetate (mass spectrometry grade, 99%), L-serine (reagent plus, ≥ 99%) were purchased from SigmaAldrich (St. Louis, MO, USA). Chloroform, diethyl ether, methyl acetate, potassium chloride, copper(I) acetate, ortho-phosphoric acid, isohexane, butylated hydroxytoluene (BHT), acetic acid and hexane (HPLC grade >99.9%) were from Merck (Darmstadt, Germany). Isopropanol was from Kemetyl (Norway). Acetone and the various standards used for HPTLC analysis including lysophosphatidylcholine (lyso-Ptd-Cho), sphingomyelin (CerPCho), phosphatidylcholine (PtdCho), phosphatidylinositol (PtdIns), phosphatidylethanolamine (PtdEtn), linolenic acid as free fatty acid (FFA), trilinolenin, cholesterol, linolenate cholesteryl, methyl linolenate, monolinoleninglycerol and 1,3-dilinoleinglycerol were from Sigma-Aldrich (St. Louis, MO, USA). Phosphatidylserine (PtdSer), phosphatidic acid (PtdOH), cardiolipin (Ptd2Gro) standards and the six PtdCho standards (dissolved individually in chloroform at 1 mg/ml and stored at -20 °C) specifically: 1,2-didocosahexaenoyl-snglycero-3-phosphocholine (22:6/22:6 PtdCho), 1-palmitoyl-2-docosahexaenoyl-sn-glycero-3-phosphocholine (16:0/22:6 PtdCho), 1-stearoyl-2-docosahexaenoyl-sn-glycero-3-phosphocholine (18:0/22:6 PtdCho), 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine (16:0/18:1 PtdCho), 1-palmitoyl-2-arachidonoyl-sn-glycero-3-phosphocholine (16:0/20:4 PtdCho) and 1-stearoyl-2-eicosapentaenoyl-sn-glycero-3-phosphocholine (18:0/20:5 PtdCho) were from Avanti Polar Lipids (Alabaster, Alabama, USA). Linoleyl behenate for HPTLC was from Larodan Fine Chemicals (Malmö, Sweden). Superba krill oil capsules were obtained from Aker Biomarine (Oslo, Norway). De-ionized water was purified in a Milli-Q system (Millipore, Milford, USA).
Screening of the factors affecting the mass spectrometric signal of PtdCho: Plackett-Burman design
The influence of 12 mass spectrometry parameters (Table 1 ) on the signal intensity of a standard solution of PtdCho in alternating polarity mode was studied by means of a Plackett-Burman design described elsewhere (Araujo and Brereton, 1996) . This kind of design was selected because it allows screening a large number of factors with a smaller number of experimental runs than those required by a full factorial design or the classical one-factor-at-a-time approach. The construction of a Plackett-Burman design is as follows: the rows (R) and columns (C) in Table 1 represent the experiments and the instrumental parameters respectively. The first row (Rj) is filled randomly with almost the same number of positive (+1) and negative (-1) levels, and the rest of the design is constructed by shifting cyclically the columns C1-Ci from Rj to Rj+1 as follows: C1-Ci-1 in Rj are shifted to columns C2-Ci in Rj+1 respectively while the last column Ci in Rj, is shifted to C1 in Rj+1. This cyclic permutation is carried out until the initial Rj is reached one more time, in which case and to avoid repeating the first experiment (Rj), the last row is filled with +1 or -1 symbols in a manner that every column contains equal number of +1 and -1 symbols. For example, C1-C11 and C12 in Table 1 were shifted from R1 to C2-C12 and C1 respectively in R2. After reaching R19 the cyclical shifting is stopped (to avoid rewriting R1 in the following permutation) and R20 is filled with +1 and -1 in a way that every column should contain equal numbers of symbols +1 (10 symbols per column) and -1 (10 symbols per column). Table 1 Plackett-Burman design for screening 12 ESI MS parameters. The symbols +1 and -1 represent the maginute of the parameters at high and low level.
The magnitudes of the studied parameters were set as indicated in Table 2 , where the symbols -1 and +1 indicate the value of a parameter at low and high magnitude. The 20 screening experiments (Table 1) were carried out in triplicate by infusing 10 µg/mL of 18:0/22:6 PtdCho in methanol:acetonitrile (60:40, v/v) containing 2.5 mM ammonium acetate and 10 μM L-serine. It must be mentioned that 18:0/22:6 PtdCho was dissolved in methanol:acetonitrile (60:40, v/v) because the mobile phase is mainly composed of these particular solvents. The symbols -1 and +1 in Table 1 are correlated with the magnitudes of the variables described in (Han and Gross, 1994) .
Characterization of PtdCho of standards
PtdCho compounds may form different adduct ions and follow different fragmentation schemes in a diverse range of mass spectrometers due to their zwitterionic nature. There have been several works on fragmentation mechanisms as reviewed by Hsu and Turk (2009) . The present section aims at characterizing the fragmentation mechanism of six commercial PtdCho standards after setting the mass analyzer parameters at the optimal levels suggested by the Plackett-Burman design. The characterization was carried out by preparing standard solutions of 22:6/22:6 PtdCho, 16:0/22:6 PtdCho, 18:0/22:6 PtdCho, 16:0/18:1 PtdCho, 16:0/20:4 PtdCho and 18:0/20:5 PtdCho and a mixture of all of them. All these solutions were prepared at a concentration of 10 µg/mL in methanol:acetonitrile (60:40, v/v) containing 2.5 mM ammonium acetate and 10 μM L-serine and were submitted to LC-ESI-MS 3 analysis in alternating mode. The capability of a Matlab based computational algorithm (Chrombox D) for identifying automatically PtdCho compounds from LC-ESI-MS 3 data was assessed by using the mixture of six standards. Table 2 Experimental levels (+1 and -1) used in the construction of the Plackett-Burman design in Table 1 . The magnitude of the variables are given in positive/negative mode (+MS/-MS). Values without slash (/) indicate the same magnitude in both modes. 
Comparison of protocols for separating phospholipids from other lipids 2.4.1 Liquid-liquid extraction (LLE)
Krill oil (0.1 g) was weighed in a 10 ml Pyrex test tube and was dissolved in 6 ml of methanol:hexane:water (1:1:1, v/v/v). Approximately 40 mg of reactive charcoal were added, vortex-mixed for 1 min, centrifuged at 4500×g for 5 min. Immediately after, the polar phase was collected, washed with 2 mL of hexane, vortex-mixed for 1 min and centrifuged at 4500×g for 5 min. The polar phase was collected, dried under a stream of nitrogen, weighed, dissolved in chloroform at 5 mg/mL and aliquots of 50 µL submitted to HPTLC and LC-ESI-MS 3 analyses. The protocol was implemented on three capsules of commercial krill oil.
Normal phase liquid chromatography (NPLC)
Approximately 500 mg of krill oil were dissolved in 10 mL of chloroform. The sample was separated on a preparative Gilson LC system (Gilson, Middleton, WI, USA). The PtdCho fraction was collected between 11.2 and 14 min. After several collections the PtdCho fractions were pooled, dried under a stream of nitrogen, weighed, dissolved in chloroform at 5 mg/mL and aliquots of 50 µL submitted to HPTLC and LC-ESI-MS 3 analyses. The protocol was implemented on three capsules of commercial krill oil.
High performance thin layer chromatography (HPTLC)
Pure krill oil from a capsule was dissolved in chloroform at 5 mg/mL and sent to HPTLC analysis.
The sample was applied on plate 1 as a narrow band to allow the separation of a large volume of sample. After separation, the phospholipids were carefully scratched from the plate by comparing plate 1 with the band of the PtdCho standards on plate 2. The scratched silica was weighed and placed into a conical vial, and the lipids were washed off with chloroform. The system was centrifuged at 4500×g for 5 min and the collected supernatant was dried, weighted, dissolved in chloroform at a concentration of approximately 10 μg/mL. An aliquot of this solution (50 µL) was submitted to HPTLC and LC-ESI-MS 3 analyses. The protocol was implemented on three capsules of commercial krill oil.
Instruments
Mass spectrometry
The screening of the 12 instrumental variables in Table 1 was performed in an Agilent MSD trap, SL model with an ESI interface (Agilent Technologies, Inc. Santa-Clara, USA) equipped with a MSD trap control software version 5.3 (Bruker Daltonik, GmbH Inc). The 18:0/22:6 PtdCho standard was infused by using an external syringe pump (KD Scientific Inc. Holliston, USA) with a 1 mL syringe at a flow rate of 0.66 mL/h. Nitrogen was used as nebulizing and drying gas. The levels of the investigated ESI and MS parameters were set as indicated in Table 2 and auto MS 3 fragmentation was used for data acquisition. The mass signals were recorded in ion count units.
High performance thin layer chromatography
The isolated phospholipid fractions (LLE, NPLC and HPTLC) were analyzed in an Automatic TLC Sampler 4 (Camag, Switzerland). The HPTLC standards were individually diluted to 0.1 mg/mL by adding chloroform (0.01% BHT). The silica 60 plates (20×10 cm) were from Merck (Darmstadt, Germany). Two plates (plate 1 and plate 2) were pre-cleaned by eluting the polar solution (KCl:methanol:chloroform:isopropanol:methyl acetate, 9:10:25:25:25, v/v) way up to the top of the plate in a 20×10 cm glass tank. The plates were dried and activated in an oven at 110 °C for 30 min. Standards (1 µL for plate 2) and samples (30 µL for plate 1) were applied to the plates with a digital microdispenser (ATS4, Camag, Switzerland). Lipids were first eluted with a polar solution in an automatic development chamber (AMD2, Camag, Switzerland) until the elution nearly reached 48 mm. After 30 min, the plates were wiped and neutral lipids were further eluted with a neutral solution (isohexane:diethyl ether:acetic acid, 80:20:1.5, v/v) up to 88 mm. The plates were dried for 20 min. After removing the plates from the development chamber, plate 1 was wrapped in aluminum foil and placed in dark conditions while waiting further comparison and analysis. Plate 2 was dipped into a glass tank with developing solution (3% copper (I) acetate and 8% orthophosphoric acid) and developed for about 10 seconds. The liquid was drained and dried in an oven at 160 °C for 15 min. Plate 2 was cooled at room temperature and scanned by a D2 lamp (Scanner 3, Camag, Switzerland) at 350 nm. The lipid classes in the sample were identified by comparing with the standard band. The concentrations of the chromatographed compounds were determined automatically from the intensity of the absorption via peak areas using winCATS Planar Chromatography Manager version 1.3.3 (Camag, Switzerland).
Normal phase liquid chromatography
The sample was separated on a preparative Gilson LC system (Gilson, Middleton, WI, USA) consisting of 331/332 binary pumps, a 402 syringe pump with an injection valve, a low pressure 8 port valve for fraction collection and a Prep ELS II evaporative light scattering detector. A variable flow controller was applied to control the split between the detector and the fraction collector. The split ratio was approximately 1/3 to the detector and 2/3 to the fraction collection, the injection volume was 1 mL and the column was a 125×4.6 mm Nucleosil 100-5 silica column, 5 μm particles (Macherey-Nagel, Düren, Germany). The following solvent program was applied at a flow rate of 1.5 mL/min: 15% isopropanol in hexane for 5 min, 15% isopropanol in methanol for 5 min and 5% water in methanol for 5 min. The PtdCho fraction was collected between 11.2 and 14 min.
Liquid chromatography mass spectrometry
An 1100 series LC/MSD trap, SL model with an electrospray interface was used for LC-ESI-MS 3 (Agilent Technologies, Inc. Santa-Clara, USA). A reversed phase ACE 5 C18 column (125 × 2.1 mm i.d., 5 μm) from Advanced Chromatography Technologies Ltd (Aberdeen, UK) was kept at 35 °C. The injection volume was 10 μL and the mobile phase, delivered at 0.2 mL/min, consisted of methanol:acetonitrile:water (45:30:25, v/v) (A) and methanol:acetonitrile (40:60, v/v) (B). Both A and B contained 2.5 mM ammonium acetate and 10 μM L-serine. The gradient program was as follows: the initial condition was set at 40% B for 9 min, ramped in 15 min to 100% B, where it was kept for 135 min, and returned to 40% B in 1 min. The ESI and MS conditions were set according to It must be mentioned that the mobile phase composition was adapted from an article published elsewhere (Retra, et al., 2008) , where ammonium acetate and L-serine were used as additives. Ammonium acetate promotes the formation of protonated phospholipid molecular species in the ESI-MS (Zeng et al., 2013) . In addition, when these additives are not added to the mobile phase, the chromatograms of the phospholipids usually suffer from extensive peak tailing due to the interaction between the material of the column and the phospholipid head groups. The use of amine salts, such as L-serine, prevents this unwanted interaction by a competition mechanism between the amine and the head group moieties for binding places on the silica (Brouwers et al., 1998 ).
Data analysis 2.6.1 Plackett-Burman screening design
The significance of the 12 selected factors was computed by adjusting the 18:0/22:6/ PdCho signals to a common scale as follows: a total of 60 mass signals (3×20) were recorded for the adduct [M+H] + at m/z 806.7. The maximum recorded signal (ymax) was set as +1, the minimum recorded signal (ymin) was set as -1 and the mean value between them (ymean=0.5×[ymax+ymin]) was set as 0 (zero). The remaining recorded signals between ymax and ymin were normalized by using the expression:
where wij is the normalized signal, the subscripted i and j are the investigated parameters and the number of experiments expressed as columns and rows in Table 1 respectively.
The estimated effect (zi) of a particular parameter (i) was calculated by:
J is the total number of experiments (J = 20 in the present case), x represents the level (-1 or +1) of a parameter i (i=1 to 12 according to Table 1 ) at experiment number j.
The statistical distribution of the normalized signals was evaluated to determine the significance of the parameters. In addition, to establish the optimal level of a significant parameter the following rule was applied:  An effect in the range -0.3<zj<+0.3 is not significant and consequently its magnitude should be kept at 0 level.  An effect in the range -1<zj<-0.3 is significant and its magnitude should be kept at -1 level.  An effect in the range +0.3<zj<+1 is significant and its magnitude should be kept at +1 level.
PtdCho characterization and comparison of extraction protocols
The PtdCho species were characterized by Chrombox D (www.chrombox.org), a Matlab based program (The Math Works Inc., Natick, Massachusetts, USA) developed at University of Bergen (Bergen, Norway) for LC-MS analysis with particular focus on polar lipid classes (Zeng et al., 2013) . The total ion chromatogram of single MS (TIC+MS) was exported as NetCDF file and sent to Chrombox D for PtdCho species identification. By applying Chrombox D, a table of possible PtdCho species was generated by analyzing for instance, the recorded m/z for [M+H] + . The computational theory for PtdCho interpretation is summarized in Fig. 1 . When a possible PtdCho ion of the form [M+H] + is detected, its molecular weight should be equal to the summation of : a choline head group (87 g/mol), a phosphate group (95 g/mol), a glycerol backbone (41 g/mol), two carboxylate groups (88 g/mol), α total number of ethylene groups (α×24 g/mol), β total number of ethenyl groups (β ×26 g/mol) and two methyl groups (30 g/mol). Chrombox D uses Eq. 3 (embedded in Fig. 1) to automatically set the value of β as an integer between 0 and 12 and calculates the value of α based on the recorded m/z for [M+H]+. Considering that α (and also β) cannot be fractions, then Chrombox D acknowledges a positive identification when α gives an integer. By using embedded Eqs 4 and 5 in Fig. 1 , the values of carbon number (CN) and equivalent carbon number (ECN) are calculated and a list of possible PtdCho species is generated by Chrombox D.
Fig.1. Algebraic expression for the identification of PtdCho species
Results and Discussion
Screening of the factors affecting the mass spectrometric signal of a PtdCho standard
The influence of the 12 instrumental parameters on the recorded signals was evaluated by implementing three times (3×20) the Plackett-Burman design (Table 1) . The recorded and normalized signals are described in Table 3 .
The statistical evaluation of the normalized signals revealed that the 12 instrumental parameters were not significant in positive or negative mode at a confidence level of 95 % (Table 4) . However, the statistical distribution of the normalized signals exhibited some standard score values (σ) for capillary exit (z6) in positive mode and lens 1 (z10) in negative mode that were away from the rest of the values in the distribution (indicated by arrows in Table 4 ). The calculated effects by using Eq. 2 demonstrated that in positive and negative mode, capillary exit (z6=-0.421±0.06) and lens 1 (z10=0.349±0.002) are the only parameters fulfilling the conditions -1<zj<-0.3 and +0.3<zj<+1, consequently their magnitude are set at +232 and +10 V (level -1 and +1 in Table 2 ) respectively. The rest of the parameters with no influence between -1 and +1 were set at their middle magnitude (or zero level in Table 2 ).
In order to study potential curvature effects in the area surrounding the optimal levels of the significant factors z6 for [M+H] Table 3 Recorded signals (in ion counts) after implementing the Plackett-Burman design in Table 1 . The recorded signals were normalized by using Eq. 2. The results are presented as averages and standard deviations for triplicate measurements.
 [M+H] + experiments:
after setting z6 at +232 V (level -1) and designating its middle magnitude (zero level in Table 2 ) at +166 V as new level +1, the average between these two levels (+199 V) was estimated and designated as new zero level. The standard 18:0/22:6 PtdCho was infused into the MS instrument and the signal intensity of the ion [M+H] + recorded at +232, +199 and +166 V of capillary exit (z6) by keeping the rest of the parameters at their zero level in Table 2 in positive mode.
 [R1COO] -+[R2COO] -+[R2COO-COO] -experiments:
after setting z10 at + 10 V (level +1) and designating its middle magnitude (zero level in Table 2 ) at +5 V as new level -1, the average between these two levels (+7.5 V) was estimated and designated as new zero level. The standard 18:0/22:6 PtdCho was infused into the MS instrument and the signal intensity of the Table 2 in negative mode.
The results of these experiments revealed no changes in the signal intensity of [M+H] + between +232 and 199 V and a considerable enhancement in the signal at +166 V (zero level in Table 2 ). The results for the sum of ions [R1COO] -+[R2COO] -+[R2COO-COO] -showed no changes in signal intensity at +5, +7.5 and +10 V. The results for both type of ions, in positive and negative mode, allowed selecting as optimal ESI MS conditions those designated as zero level in Table 2 . 
Characterization of PtdCho standards
The fragmentation patterns of different PtdCho species were studied by injecting individually into the LC-ESI-MS 3 system six PtdCho standards (22:6/22:6 PtdCho, 16:0/22:6 PtdCho, 18:0/22:6 PtdCho, 16:0/18:1 PtdCho, 16:0/20:4 PtdCho and 18:0/20:5 PtdCho) and a mixture of all of them under optimal conditions (zero level in Table 2 ) .
The six PtdCho standards exhibited the same fragmentation patterns and for the purpose of explanation, the fragmentation of 18:0/22:6 PtdCho is used as an example (Fig. 2) . (Fig. 2 +MS2) . In addition to these characteristic fragmentation patterns that have been studied previously Turk, 2003, 2009; Domingues et al., 1998) , some authors have also reported the fragment [M+Na-R'CH2COOH] + (Domingues et al., 1998) , which exhibited a very low signal intensity in the present work. 
Fragmentation in positive mode
Fragmentation in negative mode
Two types of anion adducts were identified by single MS in negative mode (-MS) of 18:0/22:6 PtdCho ( Fig. 2 -MS (Figs. 2 -MS2 ). Similar fragmentation patterns to those observed in this study using -MS and -MS 2 have been already reported (Ekroos et al., 2003; Hsu and Turk, 2009) . The recorded ion [M-CH3] -in -MS 2 was subjected to -MS 3 and four fragments groups were observed (Fig. 2 -MS3 (Fig. 2 -MS3 ).
II.
Neutral loss of fatty acids: [M-CH3-C20H29CH2COOH] -at 490.2 m/z from PtdCho ( Fig. 2 -MS3 (Fig. 2 -MS3 ). IV.
Decarboxylation of PUFAs: formation of the anion [PUFA-H-COO] -where the term PUFA is represented in Fig. 3 by 22:6n-3 (DHA), 20:5n-3 (EPA) and 20:4n-6 (AA). (Fig. 2-MS3 ). The patterns I, II and III have been reported elsewhere (Ekroos et al., 2003) . In the present research, the decarboxylation of PUFAs (fragmentation pattern IV) of the six investigated PtdCho standards ( (Fig.  3) .
The mixture of the six PtdCho standards confirmed the observed fragmentation patterns (I-IV) and by using Chrombox D the six PtdCho standards were identified correctly.
A general representation of the fragmentation pathways I, II, III and IV for the demethylated Ptdcho adduct anion subjected to -MS 3 is showed in Fig. 4 . 
Comparison of lipid extraction protocols
Analysis of lipid classes
The results of the HPTLC characterization of the various krill oil fractions (LLE, NPLC and HPTLC) are shown in Table 5 . The LLE, NPLC and HPTLC fractions contain seven, three and two lipid classes in which phospholipids represent 79.32±1.26%, 98.62±0.60% and 100.16±2.93% of the total lipids respectively. Table 5 shows that HPTLC and NPLC are more selective than LLE towards the extraction of specific phospholipid subclasses. The two former protocols extracted exclusively PtdCho species (e.g. lysoPtdCho and PtdCho) and LLE in addition to PtdCho extracted as well PtdSer and PtdEtn species. The PtdCho to lysoPtdCho ratios in Table 5 for the three fractions were 1.14±0.01 (LLE), 1.20±0.04 (NPLC) and 5.63±0.12 (HPTLC). The 5-fold ratio difference is the result of selecting manually the phospholipid class of interest by HPTLC. Despite this inherent ability, the recoveries of HPTLC were very low compared to LLE and NPLC.
Table 5
Comparison of the isolated rich in phospholipid fractions (LLE, NPLC and HPTLC). The lipid classes were calculated as weight percentage (%) for triplicate krill oil samples. The embedded HPTLC chromatogram corresponds to a pure krill oil sample in chloroform.
PtdCho structural characterization
The isolated PtdCho species from krill oil by the three separative methods (HPTLC, LLE, NPLC) were submitted to LC-ESI-MS 3 and compared in terms of the number of identified PtdCho species. Table 6 lists the detected PtdCho in increasing order of ECN and stereospecific position numbers (sn-1/sn-2). Some isobaric species were observed and their relative intensities were reported as one value for several species, when isobaric separation was not possible.
The worst results were obtained by HPTLC which allowed characterizing only 15 PtdCho species. The low performance of HPTLC could be attributed to the loss of sample during the scratching and transferring of the silica (where the PdCho are adsorbed) from the plate to the glass vials. In addition, only the center of the PtdCho band was scratched to avoid interferences of adjacent bands. For instance, PtdCho eluted between lyso-PtdCho and PtdSer as shown in Table 5 . Some authors have suggested using non-destructive iodine vapours instead of copper acetate to make the bands visible and obtain better recoveries (Parker and Peterson 1965) . The total number of identified PtdCho species by LLE and NPLC was 35. The intensity of 16:0/20:5 PtdCho is the highest among all PtdCho species in krill oil extracted by LLE, NPLC and HPTLC (Table 6 ). The most abundant PtdCho loss of carboxylate ions exclusively from long chain PUFAs but not from MUFAs or saturated fatty acids.
In general, LLE and NPLC are better alternatives than HPTLC for the extraction of phospholipids from krill oil in terms of labor, material and time. However, LLE is the simplest and fastest of the three examined techniques for the extraction and subsequent regiospecific characterization of phospholipids by LC multiple-stage MS.
